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In Brief
Hartmann et al. find evolutionary support for a hypothesis explaining why many coral species do not pass algal symbionts to their offspring, despite their necessity later in life. In addition to allowing offspring to acquire beneficial symbionts, lacking symbionts at birth may allow offspring to avoid harm while being fertilized at the sea surface.
SUMMARY
Mutually beneficial interactions between species (mutualisms) shaped the evolution of eukaryotes and remain critical to the survival of species globally [1, 2] . Theory predicts that hosts should pass mutualist symbionts to their offspring (vertical transmission) [3] [4] [5] [6] [7] [8] . However, offspring acquire symbionts from the environment in a surprising number of species (horizontal acquisition) [9] [10] [11] [12] . A classic example of this paradox is the reef-building corals, in which 71% of species horizontally acquire algal endosymbionts [9] . An untested hypothesis explaining this paradox suggests that horizontal acquisition allows offspring to avoid symbiont-induced harm early in life. We reconstructed the evolution of symbiont transmission across 252 coral species and detected evolutionary transitions consistent with costs of vertical transmission among broadcast spawners, whose eggs tend to be positively buoyant and aggregate at the sea surface. Broadcasters with vertical transmission produce eggs with traits that favor reduced buoyancy (less wax ester lipid) and rapid development to the swimming stage (small egg size), both of which decrease the amount of time offspring spend at the sea surface. Wax ester provisioning decreased after vertically transmitting species evolved brooding from broadcasting, indicating that reduced buoyancy evolves only when offspring bear symbionts. We conclude that horizontal acquisition protects offspring from damage caused by high light and temperatures near the sea surface while providing benefits from enhanced fertilization and outcrossing. These findings help explain why modes of symbiont transmission and reproduction are strongly associated in corals and highlight benefits of delaying mutualist partnerships, offering an additional hypothesis for the pervasiveness of this theoretically paradoxical strategy.
RESULTS AND DISCUSSION
Mutually beneficial interactions between species (mutualisms) shaped the rise of complex organisms and have persisted as obligate survival strategies in numerous taxa [1, 2] . Despite the evolutionary and ecological significance of mutualisms, there remains a poor understanding of symbiont transmission patterns across generations. Theoretical explanations and empirical tests suggest that mutualisms strongly favor the direct transmission of symbionts to offspring (vertical transmission) [3] [4] [5] [6] [7] [8] . Vertical transmission, defined here as the acquisition of symbionts prior to or at the time of offspring release, guarantees that offspring acquire symbionts and promotes sustained associations with symbiont lineages that are beneficial to the host [4, 6, 7] . Through this process, non-cooperative symbionts are reduced or eliminated and conflicts among symbiont lineages are minimized, both of which reduce the risk of host exploitation [3, 4, 6, 7] . Yet, host species in many taxonomic groups do not pass mutualist symbionts to their offspring (horizontal acquisition; e.g., deep-sea worms, shallow-water corals, and terrestrial insects and plants) [9] [10] [11] [12] , raising the question of why mutualisms exist in which symbionts must be acquired from the environment [7] .
Although vertical transmission reduces host exploitation and fosters mutualist associations, environmental change can degrade the benefits of vertically transmitted symbionts if new conditions reduce symbiont performance [8, 11, 13] . By acquiring symbionts from the environment, offspring can ''sample'' an array of symbiont lineages-and therefore traits-and select partners that confer advantages locally [11, 14, 15] . Forming novel associations with each generation also allows offspring to avoid genetic bottlenecks due to the reproductive isolation of symbiont populations across many generations [6, 8] . Based on these putative advantages, a common hypothesis used to explain the surprising prevalence of horizontal acquisition suggests that highly dispersive offspring benefit from acquiring locally adapted symbionts where they settle because conditions there are most likely distinct from those of the natal environment [9, 11, 14, 16, 17] .
The hypothesis that highly dispersive offspring benefit from horizontal acquisition has gained considerable support in stony corals because horizontal acquisition is pervasive in species that broadcast spawn eggs, whereas vertical transmission is nearly ubiquitous among species that brood larvae internally (80% and 83% of species, respectively) [9, 18 ]. Yet, recent evidence suggests that broadcasted eggs are less dispersive than previously assumed [19] [20] [21] and that symbiont localization can occur on scales as small as a single coral head [22] . As a result, broadcasted eggs do not always disperse widely and need not travel long distances to encounter an array of environments in which different symbiont types will be favorable. Therefore, although acquiring locally adapted symbionts is an advantage of horizontal acquisition, it does not fully explain why symbiont transmission modes diverge so remarkably between broadcast spawning and brooding coral species or why horizontal acquisition is common in this speciose group.
An additional, neglected hypothesis that is broadly compatible with these patterns posits that eggs and larvae dispersing near the sea surface are harmed by the presence of photosynthetic symbionts in their tissues [23, 24] . Reaching the two-dimensional plane at the sea surface can enhance fertilization of broadcasted eggs in corals and other marine invertebrates [25, 26] , but the high-light and -temperature conditions experienced there are The phylogeny represents one of 1,000 Bayesian posterior trees. Circles are used to denote the trait states of each species. Species that transmit symbionts vertically are shown with filled (black) circles, and species that acquire symbionts horizontally are shown with empty (white) circles. A red perimeter around the circle denotes that species broadcast spawns gametes, and a blue perimeter denotes that species broods larvae internally. See also Figure S1 .
harmful to symbiont-bearing coral larvae of broadcasters (light and temperature; [23, 24] ) and brooders (temperature; [27] ) at least in part due to increased oxidative stress in the symbiont that causes tissue damage in the host [23] . If an environment with conditions detrimental to the coralalgal symbiosis is encountered at the outset of every reproductive cycle and is required for reproductive success, as is the case for most broadcasting corals, selection should favor the absence of symbionts during this period. Support for this hypothesis would provide an additional explanation for why horizontal acquisition is common in broadcasting corals despite the theoretical disadvantages associated with acquiring novel, potentially non-cooperative symbiont communities.
To evaluate the evolutionary association between modes of symbiont transmission and development, we quantified transition rates between these traits [18] on a well-resolved coral phylogeny [28] . We then determined whether symbiont transmission mode associates with offspring wax ester content at the time of release from the parent colony, which confers positive buoyancy to eggs and larvae [26, 29] , and egg size, which determines the period of time until larvae are able to swim [19] (developing to the swimming stage allows offspring to move away from the sea surface). If bearing symbionts at the sea surface is disadvantageous, it is expected that, relative to horizontally acquiring species, vertically transmitting corals would (1) exhibit lower frequencies of evolutionary transitions toward broadcasting (as evidence of less selective pressure), (2) endow less wax ester, and (3) produce smaller eggs.
Evolutionary Transition Rates Are Trait Specific Our comparative analyses [30] confirmed that the evolution of symbiont transmission and development modes is correlated: whether a species transmits vertically or acquires horizontally depends strongly on whether it broods or spawns (p << 0.001, a = 0.00293 [bootstrap 95% confidence interval: 5.21 3 10 À5 -0.155], phylogenetic logistic regression; Figure 1 ; Table S1 ; Figures S1A and S1B) [31] . There was no evidence of trait-specific variation in speciation or extinction, suggesting that our transition rate estimates were not biased by these processes (Figures S2A and S2B) [32] . The ancestral states were ambiguous at the root of the tree; probabilities for horizontal versus vertical transmission and brooding versus spawning reproductive mode equaled 0.5. Vertical transmission is favored over horizontal acquisition among brooding species (q13 > q31, Bayesian posterior probability = 1; Figure 2 ), and, strikingly, transitions between horizontal acquisition and vertical transmission among broadcasting species were equal to zero in both directions (q42 = q24 = 0). The lack of interchange between these states suggests that vertical transmission was never gained or lost within broadcasting species, but arose only from brooders (q34). Despite its importance as a pathway to vertical transmission, horizontal brooding is evolutionarily unstable, as transition rates away from this state were greater than transitions toward it (q12 + q13 > q21 + q31, Bayesian posterior probability = 1).
Vertically Transmitting Species Do Not Favor Broadcast Spawning, Endow Less Wax Ester, and Produce Smaller Eggs
We hypothesized that vertical transmission is costly among broadcast spawning species due to symbiont-induced harm to broadcasted eggs at the sea surface. To determine whether selection pressures are consistent with the existence of this cost, we first determined whether evolutionary transition rates toward broadcast spawning are weaker in vertically transmitting species than in horizontally acquiring species. Consistent with our predictions, broadcasting is not favored over brooding among vertical transmitters (q34 = q43; Figure 2 ) but is favored over brooding in horizontally acquiring species (q12 > q21, Bayesian posterior probability = 1; Figure 2 ). Next, to determine whether there is evidence consistent with a cost due to reaching the sea surface, we determined whether symbiont-bearing eggs exhibit traits that facilitate downward mobility and reduced time spent at the sea surface. Indeed, the eggs of vertically transmitting broadcasters had less wax ester lipid (horizontal = 98% ± 1.3% [95% confidence interval] and vertical = 91% ± 1.5% of the non-structural [storage] lipids, p < 0.01; Figure 3A ; Table S2 ) and were smaller (horizontal = 445 ± 41 mm and vertical = 268 ± 71 mm, p < 0.001; Figure 3B ; Table S3 ) than symbiont-free eggs of broadcasters. Wax esters confer positive buoyancy to invertebrate eggs [27, 29] and declines as larvae age, coinciding with transitions from positive to negative larval buoyancy and movement downward [34] . Small coral eggs develop more quickly to the swimming stage [19] , which also allows larvae to move away from the sea surface. Therefore, symbiont-bearing broadcasted eggs exhibit traits that allow them to float to the sea surface, where fertilization takes place, but also carry traits that allow them to leave the sea surface more rapidly (as larvae) than their symbiont-free counterparts.
Vertical Transmission Is Associated with Wax Ester Endowment over Evolutionary Timescales
By virtue of internal fertilization, larvae of brooding species are not expected to favor traits that enhance external fertilization, which may explain why offspring wax ester content was 20% lower in brooding species relative to broadcasting species at the time of release (p < 0.001; Figure 3A ). Based upon this difference in wax ester endowment, we hypothesized that after species evolve brooding from broadcasting, they are released from selection for high wax ester endowment and, in vertically transmitting species, wax ester provisioning should decrease in response to symbiont-induced harm at the sea surface. To test this, we identified lineages exhibiting transitions from broadcasting to brooding based upon our phylogenetic reconstruction and estimated the time when each transition occurred. The results reveal that Isopora brueggemanni, one of the few horizontally acquiring brooding species, transitioned into brooding $47 Ma but still produces larvae with wax ester content similar to that of horizontally acquiring broadcasters (99% of storage lipids; Figure 3C ). In contrast, vertically transmitting brooders exhibited decreasing wax ester endowment over evolutionary time ( Figure 3C ). As expected, larvae of the three brooding species with relatively high wax ester content at birth ($80%) are slightly positive or neutrally buoyant, whereas larvae of the two species with low wax ester content ($50%) are negatively buoyant at birth (N. Fogarty and A.C.H., unpublished data). These differences in egg and larval wax ester content among species do not merely reflect the proportion of these lipids in adults ( Figure S3A ), nor does lower offspring wax ester content correlate with lower parental lipid endowment overall, as offspring storage lipid content was similar across all four trait states and evolutionary time (Figure S3B) . Therefore, we conclude that selection for reduced Transition rates are based on the best-fit, five-parameter model among species for which both modes have been published (252 species) [18] . Transition rates (qij) represent the median instantaneous rate of transition from trait i to j and derived from 1,000 trees generated via a Monte Carlo Markov chain in BayesTraits 2.0 [30, 33] . The ranges in brackets represent the 95% highest posterior density (HPD) of the associated transition rates. Arrow thickness reflects orders of magnitude differences in transition rates, and dashed lines represent transition rates equal to zero. Hollow arrows indicate that the HPD bounds of the transition rate do not overlap with the HPD bounds of the rate in the opposite direction. The number of species exhibiting each state is noted above each box. See also Figure S2 and Table S1 .
wax ester endowment arises due to the presence of symbionts in offspring.
Offspring dispersal distance is an important determinant of species distributions in the sea. Yet, the distance that larvae disperse may merely be a byproduct of the migration into and out of the water column, whereby larvae remain in the plankton as long as survival is higher than it is on the benthos [35] . In this context, we conclude that fertilization is optimized in symbiont-free broadcasted eggs via extremely high wax ester endowment that maximizes positive buoyancy and moves gametes to the sea surface [26, 29] . When gametes mix at the sea surface, broadcasting species achieve a higher degree of outcrossing relative to brooders [36] , which may explain why broadcasting is favored over brooding among horizontally acquiring species (Figure 2) . In contrast to symbiont-free eggs, symbiont-bearing brooded larvae favor rapid movement to the benthos to avoid light and temperature damage at the sea surface. In between these divergent strategies, wax ester content in eggs of vertically transmitting broadcasters is sufficient to move gametes to the surface to be fertilized, but not high enough to entrain developing larvae at the surface for extended periods of time, reducing exposure to conditions that lead to symbiont-induced harm. This mix of strategies highlights the numerous selection pressures that arise early in life and demonstrates that symbiont transmission mode is one of many traits influencing whether larvae make it to adulthood.
Corals exhibit additional traits that can reduce symbiontinduced harm at the sea surface. These traits include provisioning offspring with high levels of photoprotective compounds (e.g., ultraviolet light protection) and antioxidants [37] [38] [39] [40] , shielding Symbiodinium via co-location with dense lipid droplets [39, 41] , and transmitting symbiont cells with low pigment densities [39] . Symbiont-bearing eggs in a broadcasting species possess higher concentrations of antioxidant and light-protective compounds than their parents, and concentrations in eggs are similar across multiple parental colonies despite variation in parental concentrations that correspond to local light intensities [39] . In contrast, symbiont-free eggs of three broadcasting species have similar concentrations of light-protective compounds to their parents, and these concentrations reflect differences in local light intensities [37] . These patterns suggest that symbiont-bearing broadcasted eggs have greater protection from oxidative stress and light damage than symbiont-free eggs, and that the degree of protection in the former is not a reflection of the parental environment. More broadly, the Tables S2 and S3. availability of multiple mechanisms to mitigate the costs of bearing symbionts during the larval stage may help explain why odd states exist (e.g., vertical broadcasters) and how offspring produced in very shallow water tolerate constant seasurface-like conditions. By finding support for the hypothesis that symbiont-bearing coral offspring exhibit traits favoring downward mobility, we provide new insights into the persistence of horizontal acquisition despite its theoretical disadvantages and offer a better understanding of how the intergenerational transfer of mutualisms interacts with other life history traits in early ontogeny. In addition to the disadvantages of vertical transmission highlighted here, a primary cost associated with horizontal acquisition, the failure to acquire the mutualist partner, is likely to be relatively low in corals due to the availability of Symbiodinium in the environment [42] . Reduced risk of not acquiring symbionts in broadcasting corals may expose other selective pressures during early ontogeny like those acting on fertilization success and outcrossing. Because corals are not the only group in which environmental conditions can select against acquiring symbionts early in life (e.g., plants and nitrogen-fixing bacteria) [10] , the complexity of selective forces across the life cycle may be broadly important in understanding patterns of mutualist symbiont transmission.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Identifying and assignment of trait states Empirical data for development mode and symbiont transmission mode were obtained from published reports [18, 43] and inference (see details below; Data S1). Traits were mapped onto the most recent completely-sampled phylogenetic tree of the Scleractinia (rooted with Corallimorpharia), which was inferred based on a time-calibrated analysis of seven molecular markers, 13 morphological trees and current taxonomic hierarchy where phylogenetic data were not yet available, comprising 1000 Bayesian posterior trees that incorporate phylogenetic (i.e., topological and branch length) uncertainty [28] . Trees were pruned to subsets of species based on the availability of various trait data [47] .
Quantifying larval characters
Data for egg and larval lipid content at the time of release from the parent colony were compiled for 17 species (Table S2) . Among all the species for which data were found, nine are horizontal broadcasters, two are vertical broadcasters, one is a horizontal brooder, Trait state data [18, 43] and this paper Data S1
Lipid content data This paper and references therein Table S2 Egg size data This paper and references therein Table S3 Software and Algorithms (Table S3 ) [19] .
METHOD DETAILS Phylogenetic analysis -trait clustering
The degree of clustering of each binary trait on the tree was calculated with the D statistic [46] , which provides a measure of phylogenetic signal on each trait (D = 0, clumped under Brownian motion; D = 1, random). Symbiont transmission mode is highly conserved in the Scleractinia (D = À0.097 ± SD 0.011, p < < 0.001, Brownian motion model, n = 10000) [46] , as is mode of larval development (D = 0.139 ± SD 0.013, p < < 0.001, Brownian motion model, n = 10000), thus there is a tendency for closely related species to have similar life history characteristics [48] . Therefore, we used a phylogenetic comparative method [33] to perform biologically meaningful analyses of trait associations to determine if the apparent association between mode of larval development and symbiont transition mode is reflected in patterns of evolutionary transitions between states.
Phylogenetic analysis -transition rates
The two life history strategies, modes of development and symbiont transmission, comprise four possible states when examined in combination-horizontal brooding, horizontal spawning, vertical spawning, and vertical brooding. We estimated transition rates on the phylogeny among these states using BayesTraits version 2.0 [30, 33] . Transition rates for a given set of parameters were modeled for each of the 1000 posterior trees with 100 maximum likelihood replicates per tree. Each tree generated a log-likelihood score for the particular model examined, and the mean log-likelihood for all trees of a given model was compared between models based on the Akaike Information Criterion (AIC ; Table S1A ).
Phylogenetic analysis -trait-specific speciation and extinction rates Given the high degree of conservation of traits within genera, we inferred states in additional species based on rules following Keith et al. [43] : if all the records of a genus were of the same character state, the same state was used for the remaining species in the genus. If all records within a genus were not of the same character state, only species for which there were published reports were included ( Figures S1C and S1D ). We then considered whether trait-specific differences in host speciation and extinction rates may bias our transition rate estimates [32] for Acroporidae, the only large clade that contains all four trait states, in conjunction with the multistate speciation and extinction model (MuSSE) in the R package Diversitree 0.9-5 [45] .
QUANTIFICATION AND STATISTICAL ANALYSIS
Phylogenetic analysis -transition rates We first fit a full dependent (8-parameter) model, in which the rate of change in one trait was dependent on the state of the other, followed by an independent (4-parameter) model, which assumed that the traits evolved independently. If the full dependent model was a significantly better fit than the independent model based on a likelihood ratio test (alpha = 0.05), complexity was reduced in a stepwise fashion by equating negligible transition rates to zero, one at a time. The fewer-parameter models were subsequently compared against the dependent model with the AIC. For the best-fit model, rate uncertainties were estimated using a Markov chain Monte Carlo (MCMC) approach, analyzing the model five times for 11 million generations each, sampling once every 1000 generations. The first million generations were discarded, and the remaining posterior samples were concatenated, from which the median transition rate and 95% highest posterior density (HPD) were summarized for each transition (effective sample sizes of all parameters estimated > 10000). Two inferior models also fared better than the full dependent model, so we repeated the analysis for the second-best model and obtained similar rates ( Figure S2C ), while the third-best model did not converge on reliable estimates even after performing twice the number of MCMC iterations (Table S1A) . We also performed a randomization test to determine if the phylogenetic distribution of traits, rather than the differing species richness in each trait state, was driving the results we observed. The modes of symbiont transmission and development were shuffled across each of the 1000 Bayesian posterior trees, holding constant the species numbers within each state. The resulting rates showed a wide range of values that included, but were not restricted to, the observed rates ( Figure S2D ), indicating that the number of species exhibiting various transmission and reproductive modes did not affect our analyses.
Time since last spawning ancestor was determined by tracing the evolutionary history of each species on the above time-calibrated tree based on an ancestral state reconstruction of each internal node using corHMM [44] . A spawning to brooding transition was identified when the probability that a species spawned crossed 0.5 over a single branch (i.e., probability > 0.5 to probability < 0.5 from one node to the next).
Phylogenetic analysis -trait-specific speciation and extinction rates To test congruence between the 252-species (above) and expanded 754-species datasets, we repeated the transmission estimation for the latter. Similar results were obtained, with the only difference being that rates of transition away from horizontal brooding were equal in the 754-species dataset ( Figure S2E ; Table S1B ). As with the 252-species models, the inferior, second-best model also provided similar rates to the best-fit model ( Figure S2F) , and a randomization test generated a wide range of rate values that included but were not restricted to the observed rates ( Figure S2G ).
Given the congruence between the two trait datasets, we analyzed trait-specific differences in host speciation and extinction rates for the larger one in conjunction with the complete phylogeny of the family Acroporidae. With MuSSE, we ran 1000 MCMC steps for each of the 1000 Bayesian posterior trees to obtain speciation and extinction rate estimates for each of the four life history trait states, along with the transition rates among states. Posterior samples were combined and summarized as above. Acroporidae exhibited no differences in speciation, extinction or diversification rates among the four states, suggesting speciation and extinction are not biasing the transition rates estimated here (Figures S2A and S2B) . The rates estimated from this analysis correspond with results from BayesTraits above, except for the transition from vertical to horizontal brooding (q31), which did not converge as a result of the low number of brooders (n = 10) among acroporids. The family of models related to MuSSE [45, 49] has recently been shown to report trait-associated rate heterogeneity even in the known absence of state-dependent diversification [50] . However, as we did not observe differences in host speciation, extinction or diversification rates among symbiont transmission and development modes, these processes are not likely to affect the transition rates inferred here.
Lipid quantification
Egg and larvae lipids were extracted using the method of Bligh & Dyer (1959) [51] . This method was employed by placing egg or larvae samples (on glass fiber filters) into pre-combusted glass vials and submerging them in chloroform, methanol, and water. The extraction solvents were sequentially adjusted to the following proportions by volume: 2:1:0, 2:2:0, 2:2:1.8, respectively. After the extraction sequence was complete the filter was removed and the extract was centrifuged to separate the polar (upper phase) from the nonpolar (lower phase). The lower phase containing the extracted lipids was isolated using a pre-combusted glass pipette, transferred to a pre-combusted glass vial, and dried with N 2 gas.
Lipids were quantified following the protocol described in [52] . Specifically, dried lipid extracts were resuspended in 25 or 50 mL of chloroform. 1 mL of the resuspended lipid sample was spotted onto each of three quartz Chromarods (S-III, Iatron Laboratories, Tokyo, Japan). A two solvent system was then used to chromatographically separate the classes of lipids. The Chromarods were placed in a glass chamber with 60 mL of the solvent system in the bottom (i.e., submerging only the bottom of the rods). The first solvent system was a mixture of hexane, diethyl ether, and acetic acid at volumes of 99:1:0.05, respectively. After 25 min of development, the Chromarods were dried and then placed in the second solvent system of hexane, diethyl ether, and acetic acid at volumes of 80:20:0.1, respectively. The second development was also carried out for 25 min.
After chromatographic separation, lipids were quantified by flame ionization detection on an Iatroscan TLC-FID MK-5 (Iatron Laboratories, Tokyo, Japan). The entire rod was pyrolyzed and LabView software (National Instruments, Texas, USA) was used to record the area and retention time of each detected peak. The lipid classes in egg and larvae samples were determined by comparing the retention times of detected peaks to the retention times of peaks generated using known standards. The quantity of each lipid class was then determined based on calibration curves generated with the standards. The standards included palmitic acid palmityl ester (wax esters), tripalmitin (triacylglycerols), and L-a-phophatidylcholine (phospholipids)(Fisher Scientific, Hampton, NH, USA and Sigma-Aldrich, St. Louis, MO, USA). The lipid class of interest, wax esters, was normalized to the total storage lipid content (wax esters and triacylglycerols) rather than the total lipid content in order to exclude phospholipids, which are required for the outer membrane and other structural components of eggs/larvae.
Lipid and egg size statistics Normally distributed egg size or lipid data were compared using the t test and non-normally distributed data were compared using the unpaired Wilcoxon rank-sum test.
DATA AND SOFTWARE AVAILABILITY
Trait state data are available in Data S1. Lipid and egg size data are available in Tables S2 and S3, respectively. 
